: A common issue for experiments requiring very low magnetic fields on vacuum and cryogenic systems is how to deal with the control of magnetic properties of electrical contacts. We describe the design and implementation of a generic sixty-four pin non-magnetic cryogenic vacuum feedthrough capable of disconnecting contacts on both sides of the vacuum boundary.
Design and Implementation Details
shows the basic concept of the connector described in this report. Wires on both sides of the vacuum boundary are soldered into receptacles on the outer edge of a printed circuit board ("A" or "C"). Traces bring the signals on each printed circuit board (PCB) from the wire receptacles to a set of vias that bring the signals to a pad array on the other side of the board. The two sides of PCB "A" are shown in Figure 2 . Interposer boards (shown in Figure 3 ) mounted on PCB "A" and PCB "C" host a series of pressure-enabled contacts ("fuzz buttons", described below) that are aligned with the corresponding pad arrays. Once assembled, the wires, PCBs and interposer boards form two cable assemblies that are plugged into PCB "B" to make the necessary electrical connections across the vacuum boundary. This achieves the goal of being able to disconnect signals from either side of the vacuum boundary without disturbing the vacuum boundary. PCB "B" (Figure 4) forms part of the vacuum boundary. PCB "B" is a two-layer 0.062"-thick 370HR board, fabricated to IPC 6012 Class DS [6] specifications by Advanced Circuits. 370HR is an FR-4-based material and FR-4 materials generally have good outgassing properties [7] . The two signal layers are 1 oz copper, tinned with SN63 alloy. Sixty-four capped and filled vias (24 mil O.D., 8 mil O.D. drill size) bring the signals from the top signal layer to the bottom, thus crossing the vacuum boundary. The boards were found to have a small (≤ 20 nT) magnetic signal on contact (below our upper limit). To complete the vacuum boundary an annular kapton gasket (2.3" O.D., 2.0" I.D., 5 mil thick) is compressed between PCB "B" and the cryostat body using an aluminum compression ring. The sealing surface is finished to 16 µ-inch. The compression force (≈ 16,300 psi) applied by twelve 5/16−18 aluminum bolts torqued to 90 inch-lbs exceeds the suggested minimum compression force [8] by more than a factor of two. Titanium helicoils are used to avoid stripping threads in the aluminum cryostat body while satisfying non-magnetic requirements. The compression ring thickness (0.66") was chosen based on experience with indium-sealed and conflat flanges of similar size, but oversized to enable use of easily available aluminum bolts and for compatibility with the cable end component stack.
"Fuzz buttons" [9] from Custom Interconnects provide electrical contact between mating pad arrays on two vertically stacked PCBs. Fuzz buttons are tiny cylindrical bundles of wire. To make electrical contact, pads on the PCBs that are to be mated are mutually aligned with a fuzz button secured in an interposer board (Figure 3) , and the PCB-interposer-PCB sandwich is squeezed together (features on all three boards and on the connector housing ensure proper alignment). As a result there is no requirement for pins to penetrate the vacuum boundary. Fuzz buttons are available in gold-plated beryllium-copper wire (Au/BeCu), with copper instead of nickel flash under the gold plating; a formulation found to have no detectable magnetic signal (again using a fluxgate magnetometer following exposure to a strong magnetic field). Contact resistance varies with the relative compression of the fuzz button; for 30 mil Au/BeCu fuzz buttons 40-50 mΩ contact resistance is obtained with 15-20% compression, corresponding to ≈0.1 lbs of applied force [10] . Fuzz buttons come in a variety of lengths and widths and can be arranged in fully-customizable two-dimensional patterns.
Custom Interconnects has published design rules for both interposer boards that hold the fuzz buttons and the mating PCBs. Nothing beyond those design rules was required for successful cryogenic operation, although we did choose PEEK for the interposer (from among the various materials suggested) due to positive experience with this material in other cryogenic applications. Appropriate slots were added to the interposer to ensure no virtual leaks during vacuum operation.
We chose sixty-four contacts per connector as a balance between minimizing the number of total connectors and minimizing the diameter of the kapton seal needed for PCB "B". We chose 30 mil diameter fuzz buttons so that each contact was capable of carrying 6 A of current (any circuit requiring more current can be split onto multiple parallel contacts).
To make good electrical contact for sixty-four 30 mil fuzz buttons 7.7 lbs of compressive force is required (provided by four 4-40 bolts). We chose a 100 mil pad pitch and 60 mil pad diameter to make inter-board alignment straightforward, albeit with careful machining and precision alignment pins. The resulting 40 mil pad separation allows 300 V differential on adjacent pads (Milspec 275D specifies required PCB conductor spacing of 0.12 mil/V).
Performance
Using an environmental chamber a sample connector was subjected to seven thermal cycles (from room temperature down to 123 K, limited by the test chamber minimum temperature) with dT/dt ≈ 15 K/minute). At the lowest temperature the thermal contraction of all components is roughly 80% of the asymptotic (T = 0) value [11] . One side of the contact was exposed to vacuum (sampled by a Helium leak tester) for the duration of the test, the other side was flooded with helium gas. No leak was observed (backgrounds < 10 −10 mbar·l/s). We did not perform a superfluid leak test, but our anticipated applications for this connector are all above 4 K. Electrical connection was monitored during the entire temperature cycle. Contact resistivity was measured with a four-point sensor; minimal increase in contact resistivity (< 3%) was observed. High-frequency response was tested by injecting TTL pulses; no degradation of the signal shape was observed.
The materials cost of the connector is $10/contact, dominated by the two fuzz buttons per contact.
Conclusions
We have developed an affordable non-magnetic, cryogenic, multi-conductor vacuum feedthrough. This connector was developed explicitly for the nEDM@SNS experiment, but the design is generic enough that it may find use in other similar applications.
